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ntravascular optical coherence tomography (OCT) is a light-based imaging modality that provides high-resolution images of the coronary arteries. 1-3 The recently developed optical frequency domain imaging (OFDI) technique, or Fourier-domain OCT, provides higher image acquisition speed, greater penetration depth, and higher-quality image resolution compared to the conventional time-domain OCT. 4-7 Furthermore, its higher frame rate and higher pullback speed reduce the impact of possible motion artifacts and improve longitudinal resolution, facilitating a more detailed depiction and more accurate quantitative analysis of coronary arteries compared to the time-domain OCT. 8, 9 Recent OCT/OFDI studies applied various sampling rates (SRs) for qualitative and quantitative cross-sectional image analysis. The SR, which can be translated into the distance between 2 sampled frames along the longitudinal axis (ie, sampling distance), varied from 0.33 to 1.0 mm. 10- 14 Interestingly, a previous study demonstrated that lumen and stent areas showed low variability (<10%) within the various sampling distances ranging from 0.3 to 2.4 mm. 15 The variability in detecting uncovered stent struts, however, increased across the sampling distances, and the relative difference reached more than 50% at 0.90-mm analysis compared to 0.06-mm analysis as a reference. This suggests that quantification of lumen and stent areas is stable over a wide range of SR but that heterogeneously distributed structures such as uncovered struts are influenced by SR.
This then prompts the question of how different SRs might possibly affect quantification of intraluminal masses (ie, plaque prolapse and thrombus), which are also heterogeneously dis-
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tributed in coronary arteries. This issue is crucial in the design of longitudinal studies for the evaluation of intraluminal masses. Therefore, the aim of this study was to examine the impact of different SRs on quantitative OFDI assessment of intraluminal masses after stent implantation in patients with ST-segment elevation myocardial infarction (STEMI).
Methods

Subjects
This is a sub-study of the TROFI trial, which was a prospective, randomized controlled, single-blinded, multicenter clinical study enrolling 141 STEMI patients at 5 European centers (ClinicalTrials.gov identifier: NCT01271361). Briefly, STEMI patients having an angiographically visible stenosis (>30%) or pre-procedural TIMI flow grade ≤2 in a single de novo, native, unstented vessel were considered for enrollment. Patients were randomized in a 1:1 fashion to receive either primary percutaneous coronary intervention (PCI) with thrombectomy (n=71) or without thrombectomy (n=70) prior to biolimus-A9 eluting metallic stent (Nobori ® ; Terumo Europe, Leuven, Belgium) implantation. The primary endpoint was defined as post-procedural minimal flow area quantified on OFDI. In this substudy, the OFDI data were pooled regardless of the treatment arm. This study protocol was approved by the local ethics committee at each participating center, and written informed consent was obtained from all enrolled patients.
Image Acquisition
The primary PCI procedure was performed using a 6-Fr guiding catheter. As long as the patient's hemodynamics were stable, 0.2 mg i.c. nitroglycerin was given before the OFDI procedure. This imaging procedure was performed with a TERUMO OFDI system (Terumo Europe, Leuven, Belgium) using a nonocclusive technique at an image acquisition rate of 160 frames/s during an automated pullback at a speed of 20 mm/s. The pullback was performed during continuous i.c. injection of contrast medium through the guiding catheter using an injection pump at a flow rate of 3-4 ml/s for a maximum of 4 s. The imaging data once saved in the console were converted into AVI files and then transferred for off-line quantitative analysis.
Definition of In-Stent Structure and Contour Detection
The region of interest (ROI) was selected as the stented segment, which was defined as the region between the first and the last frame where metallic stent struts were visible around the whole vessel circumference. 7 Quantitative analysis software (QCU-CMS version 4.50; LKEB, Leiden University, Leiden, The Netherlands) was used for off-line OFDI analysis.
In each cross-section, we analyzed all individual masses within the stent area, which was defined as in-stent structure (ISS). In cases of incomplete stent apposition, masses located outside the stent area were not taken into account for this analysis. ISS was categorized into 2 variables: attached ISS and nonattached ISS. Attached ISS was defined as a plaque prolapse or an intraluminal mass that was attached to the vessel wall or stent struts within the ROI. Non-attached ISS referred to an intraluminal mass separated from the vessel wall and stent struts. These definitions were based on the following concepts. 16 Plaque prolapse has been defined as a convex-shaped protrusion of tissue between adjacent stent struts towards the lumen without disruption of the continuity of the luminal vessel surface. At variance with this definition, plaque prolapse as seen in acute myocardial infarction may have a disrupted and irregular surface, and adjacent struts may be embedded or even buried in the prolapsing masses. Consequently, plaque prolapse is frequently indistinguishable from an intraluminal mass attached to the vessel wall, which is presumably thrombus. Therefore, in this study, plaque prolapse and thrombus attached to the vessel wall were categorized as a single variable, attached ISS.
An example of a cross-sectional area analysis is shown in Figure 1 . As for the contour detection of attached ISS, the boundary that connected the surfaces of adjacent stent struts was determined on semi-automated stent area detection, and then contour was manually traced. Cross-sectional ISS area analysis was performed by 2 skilled observers for every frame along the whole ROI.
Measurement of Interest
When more than 1 attached or non-attached ISS was detected in an analyzed cross-section, the ISS area was calculated by summing all individual ISS areas. If there was no ISS in an analyzed cross-section, ISS area was regarded as zero.
ISS volume was calculated using numerical integration based on the disk summation method, 17-19 the formula for which is as follows:
where n is the number of analyzed frames in an ROI and h is the width of the sampling distance.
Mean ISS area was calculated as follows:
where n is the number of analyzed frames in an ROI. Given the frame rate of 160 frames/s and the pullback speed of 20 mm/s, the minimum sampling distance was determined as 0.125 mm. Therefore, we calculated the ISS volume and mean ISS area according to 4 different sampling distances. Specifically, the sampling distances of 0.125, 0.25, 0.50 and 1.0 mm corresponded to all, every 3 rd , every 5 th and every 9 th frame starting from the most distal frame in an ROI, respectively (Figure 2 ). In addition, we counted the number of subsegments with ISS, which was defined as the presence of ISS in at least 2 sequential frames in an ROI.
Statistical Analysis
Descriptive data are presented as mean ± SD for continuous variables or percentages. Interobserver reproducibility of measurement was assessed using Lin's concordance correlation coefficient. 20 Comparisons of measurements between the different SRs were done using non-parametric Wilcoxon signed-rank test, and linear trends across the 4 frequencies of SR were tested using 1-way analysis of variance (ANOVA) after logarithmic transformation. We consistently used the 0.125-mm analysis with the most frequent SR as a reference when comparing the measurements between the different SRs. Correlations were tested with Spearman's rank correlation coefficient (ρ). Agreement of measurement was assessed by determining the range of difference (mean ± 2SD) according to the Bland-Altman method. 21 We also compared the variance (ie, square of SD) of difference between the different pairs of SRs using the PitmanMorgan test. 22, 23 All statistic analysis was done using SPSS 18.0 (SPSS, Chicago, IL, USA). P<0.05 was considered statistically significant. Data given as mean ± SD or n (%). † ANOVA after logarithmic transformation. Sub-segment was defined as the presence of ISS in at least 2 sequential frames. ISS, in-stent structure; ROI, region of interest. 
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Results
Segment Characteristics
Inter-Observer Reproducibility
Concordance correlation coefficients in 15 randomly selected ROI showed excellent reproducibility between the 2 observers (0.90, 0.94 and 0.89 in volume, mean area and largest area of total ISS, respectively).
Area and Volumetric Analyses
The calculated volume and areas of non-attached ISS were much smaller than those of attached ISS ( Table 2 ). The volume and mean area significantly became larger as sampling distance became larger in both attached and non-attached ISS. In contrast, the largest area of attached ISS significantly became smaller as sampling distance became larger. The largest area of nonattached ISS showed a similar trend but did not reach statistical significance (P for trend=0.082). With respect to total ISS, all measurements were significantly different between the 4 frequencies of SR.
Correlations With SR
Although correlation coefficients of non-attached ISS were generally smaller than those of attached and total ISS, all measurements showed good correlations with the reference sampling distance of 0.125 mm (Figure 3) . In contrast, the coefficient was consistently higher as paired sampling distance became smaller than the reference distance of 0.125 mm. The volume and mean area of non-attached ISS had the greatest divergence of 
Agreement and Variability in Different SRs
The ranges of agreement consistently became wider as sampling distance became larger in both ISS volume ( Figure 4A ) and mean ISS area ( Figure 4B ). The variance of difference (VOD) between the different pairs of SRs is shown in Figure 5 . An increase of VOD was significantly associated with increased sampling distance.
Discussion
To our knowledge, the present study is the first to evaluate the impact of SR in OCT/OFDI analysis on the quantitative assessment of intraluminal mass. The main findings of this study are: (1) ISS volume and mean ISS area were more likely to be overestimated, and the largest ISS area was more likely to be underestimated in larger sampling distance compared to the reference of 0.125 mm; and (2) larger variability of calculation was associated with increased sampling distance. Recent developments in OCT/OFDI technology have resulted in an intracoronary imaging system with much higher resolution than the other imaging modalities. In STEMI patients, OFDI has an advantage in detecting small intraluminal masses with irregular shapes and heterogeneous distribution not only in cross-sectional (ie, 2-dimensional [D]) images but also in reconstructed 3-D images. 24 Recent studies have demonstrated that plaque prolapse and thrombus were more clearly visible and detectable on OCT/OFDI compared to intravascular ultrasound (IVUS). 12, 25 The prevalence of post-procedural plaque prolapse or thrombus as assessed on IVUS varied from 34% to 69% in patients with acute myocardial infarction, 26,27 whereas Gonzalo et al reported that post-procedural plaque prolapse could be detected on OCT in all patients with unstable angina. 16 The present results confirmed these findings of previous OCT/OFDI studies.
The present study demonstrates that the measurement of ISS was influenced by SR and that plaque prolapse and thrombus could be observed heterogeneously and randomly even within a short segment of <1.0 mm in the stented segment. In contrast, in 10 randomly selected ROI for which we performed frameby-frame analysis of stent/lumen areas (total 1,118 frames), the mean stent area and the mean lumen area were similar between the 0.125-mm and 1.0-mm analyses (0.125-mm vs. 1.0-mm: 8.55±1.59 mm 2 vs. 8.56±1.54 mm 2 in mean stent area, P=0.65; 8.45±1.65 mm 2 vs. 8.47±1.60 mm 2 in mean lumen area, P=0.50; respectively). The metallic structure seems to be more even 
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MURAMATSU T et al. In the current analysis, the mean number of ISS per ROI became smaller as sampling distance became larger, while ISS volume showed an inverse association ( Table 1) . According to our definition and methodology, when intraluminal masses are detected in 2 or more sequential sampled frames, it should be recognized as 1 continuous structure. Therefore multiple ISS, which existed separately on the longitudinal axis, could be misclassified as a sole structure when the intervals between separate ISS were interpolated in the non-sampled frames. Such misclassification presumably resulted in underestimation with respect to the number of ISS. Similarly, larger sampling distance was more likely to skip the frames without ISS in the non-sampled frames, resulting in overestimation of ISS volume (Figure 2) . These variances of measurements can largely be influenced by the distribution of ISS. Therefore the present study suggests that in the setting of STEMI, 1.0 mm-analysis is not sufficient for the quantitative OCT/OFDI assessment compared to the frame-by-frame analysis.
We calculated the ISS volume using the disk summation method given by
where h is the sampling distance. This method applies the simplest principle among the mathematical methods such as, for example, the Simpson's rule given by
6 2 in terms of numerical integration. 28 Indeed, the disk summation method has been used in commercially available software applying 3-D IVUS reconstruction. 29, 30 We should, however, mention a limitation of our methodology with respect to ROI length. In the present study, frame-level analysis consistently started from the same most distal frame in the stented segment regardless of SR, where the metallic stent struts were first visible around the whole vessel circumference during the pullback. Consequently, the most proximal frame was determined in the sampled frames according to SR, therefore in 106 out of 126 stented segments the most proximal frames were different among SRs, resulting in different ROI lengths. Including the same most proximal frames to adjust ROI length among SRs, the respective total ISS volume in 0.125-mm, 0.25-mm, 0.5-mm, and 1.0 mm-analyses was 5.41, 5.61 (∆ with original data, 0.03), 6.03 (∆ with original data, 0.08), and 6.91 (∆ with original data, 0.18) mm 3 (P<0.05 between any pairs of SRs and P for trend=0.005). Therefore the present results were consistent even when including the most proximal frame in ROI, and the results would not be significantly influenced unless a large amount of ISS was located at the most proximal frame.
Plaque prolapse or thrombus after stenting is frequently observed on IVUS. 31- 33 A previous IVUS study demonstrated that plaque prolapse after stent implantation was commonly accompanied by thrombus and associated with greater levels of CK-MB 34 and early stent thrombosis 27,35 in patients with acute myocardial infarction. In addition, another issue was raised in a recent study that demonstrated that plaque/thrombus protrusion was an independent predictor of late acquired malapposition in patients with acute myocardial infarction. 36 In contrast, several studies showed that prolapse after stenting was not associated with long-term clinical outcomes in patients with acute myocardial infarction 26,27 or stable coronary artery disease. 33 The discrepancy between short-and long-term outcomes might partially be attributed to the fact that prolapse once detected on IVUS at baseline procedure disappeared at 13-month followup. 26 The impact of OCT/OFDI assessment of plaque prolapse or thrombus on clinical outcome, however, has not been explored.
Despite the superiority of OCT/OFDI over IVUS in detecting plaque prolapse and thrombus, 12,26 the methodology and appropriate SR for quantitative OCT/OFDI ISS assessment has not been fully investigated. In the present OFDI data, absolute differences in volume and in the largest area of total ISS between the 0.125-mm analysis and 1.0-mm analysis were 1.31 mm 3 and 0.12 mm 2 , respectively. Although these differences were relatively small, differences in SR should be considered when designing future longitudinal studies, particularly addressing plaque prolapse or thrombus by OFDI.
Higher SR is theoretically ideal to obtain a more accurate quantification. This comes at the cost, however, of longer analysis time and greater effort compared to the current de facto analysis approaches using a sampling distance of 1.0 mm. Indeed, area and volumetric estimation of ISS showed good correlation between the different SRs even in 0.125-mm vs. 1.0-mm analyses. Nevertheless, we also noted the statistically significant differences in calculated values and variability among SRs, suggesting that higher SR facilitates more accurate and less variable assessment of ISS. Taken together, the choice of SR must be considered in the light of the subject group, measurement type and analysis method.
Study Limitations
First, the intraluminal masses outside the stent area were not taken into account in this study. In STEMI patients, the stent struts might be buried in thrombotic masses and potentially some amount of thrombus could exist in the space between the struts and vessel wall. It was also challenging to identify the precise boundary between the vessel wall and thrombus behind the stent struts because of acoustic shadow and light-intensity attenuation by red thrombus. 37 In this methodological study, we thus focused on the intraluminal masses inside the stent area, named ISS, with the aim of highly reproducible contour detection. Second, we classified SR into 4 sampling distances of 1.0 mm, 0.5 mm, 0.25 mm and 0.125 mm. Such classification was based on the image acquisition setting of the TERUMO OFDI system and imaging protocol of the TROFI trial. Further evaluation, however, will be required if OFDI systems become available with even higher frame acquisition rates than the currently available systems.
Conclusion
Quantification of ISS is significantly influenced by the analyzed SR. This should be taken into account when designing future OFDI studies in which quantitative assessment of ISS is critical for evaluation of STEMI patients.
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